Expression of GEF1 in Xenopus laevis oocytes and HEK-293 cells gave rise to a Cl À channel that remained permanently open and was blocked by nitro-2-(3-phenylpropylamino) benzoic acid and niflumic acid. NPPB induced petite-like colonies, resembling the GEF1 knock-out. The fluorescent halide indicator SPQ was quenched in a wild-type strain, in contrast to both a GEF1 knock-out strain and yeast grown in the presence of NPPB. Immunogold and electron microscopy located Gef1p in the plasma membrane, vacuole, endoplasmic reticulum and Golgi apparatus. Eleven substitutions in five residues forming the ion channel of GEF1 were introduced; some of them (S186A, I188N, Y459D, Y459F, Y459V, I467A, I467N and F468N) did not rescue the pet phenotype, whereas F468A, A558F and A558Y formed normal colonies. All the pet mutants showed reduced O 2 consumption, small mitochondria and mostly disrupted organelles. Finally, electron microscopy revealed that the plasma membrane of the mutants develop multiple foldings and highly ordered cylindrical protein-membrane complexes. All the experiments above suggest that Gef1p transports Cl À through the plasma membrane and reveal the importance of critical amino acids for the proper function of the protein as suggested by structural models. However, the mechanism of activation of the channel has yet to be defined.
Introduction
In the yeast Saccharomyces cerevisiae the gene GEF1 encodes for a protein regarded as a member of the voltage activated Cl À channel family (ClC), a gene family associated with multiple physiological roles including maintenance of osmotic equilibrium, intracellular pH and membrane potential of plasma membranes. Deletion mutants of GEF1 develop an iron-suppressible petite phenotype; these cells exhibit reduced mitochondrial respiration growing slowly in nonfermentable carbon sources (Greene et al., 1993) . The pet phenotype is effectively reverted by expressing some vertebrate ClCs, such as the Torpedo ClC-0 (Gaxiola et al., 1998) , ClCN3 (Borsani et al., 1995) , OmClC-3, mClC-5 (Miyazaki et al., 1999) , mClC6 (Kida et al., 2001) , and the Arabidosis thaliana AtClC-d (Hechenberger et al., 1996) . Gef1p is processed by proteolysis in the secretory pathway, giving rise to two polypeptides of 30 and 70 kDa (Wachter & Schwappach, 2005) ; the functional significance of this event is still in debate. However, the ion-conducting properties of the protein-channel have not been extensively studied and the available evidence suggests that Gef1p transports Cl À in intracellular vesicles and the medial Golgi compartment, playing a crucial role in cation homeostasis (Schwappach et al., 1998; Gaxiola et al., 1999; Flis et al., 2002) . Gef1p follows the basic structure of other ClCs, forming dimers assembled by two identical subunits containing their own independently-gated pore. Based on the ecClC structure (Dutzler et al., 2002) , each subunit has 18 a-helices that wrap around the ion-permeation pathway, in which two Cl À ions are permanently bound and coordinated by main chain protein atoms. Three ion-binding sites are formed by amino acid stretches at the N-end of four a-helices: D, F, N and R (Fig. 1 ). These sites are named S ext , S cen , and S int to reflect their relative locations in the pore, and the permanently bound Cl À ions are in both S cen and S int , whereas a glutamate in the F helix blocks the third Cl À binding site when the channel is closed (Dutzler et al., 2003) . There is extensive sequence similarity among Gef1p, ClC-4 and -5; the later two proteins are functional Cl À /H 1 antiporters in endosomes and Golgi (Picollo & Pusch, 2005; Scheel et al., 2005) . Primary distribution of ClC-4 and -5 is in the early-late endosome, nevertheless, they both also reach the plasma membrane (Huang et al., 2005; Schmieder et al., 2007) . Also, when expressed in heterologous systems, such as frog oocytes and HEK-293 cells, they form functional Cl À channels (Friedrich et al., 1999) .
Whether the induced currents are a consequence of the normal traffic of the channel-protein or due to the artificial overexpression of the channel in a heterologous system, remains to be determined. Nevertheless, those observations prompted us to examine the potential location and function of Gef1p in the plasma membrane of the yeast and to explore its expression in heterologous systems to determine its ability to transport Cl À . We present here several lines of evidence that indicate that Gef1p reaches the plasma membrane, where it conducts Cl À . Firstly, we found that when expressed in Xenopus laevis oocytes and HEK-293 cells, Gef1p forms a channel that remains permanently open and is shut by nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and niflumic acid (NFA), two Cl À channel blocking agents. Secondly, yeast exposed to NPPB develops a petite-like phenotype and the Cl À -influx is reduced to levels comparable to those of a GEF1 knock-out strain. Thirdly, immunogold labeling and electron microscopy revealed that Gef1p is located in the plasma membrane as well as in intracellular compartments. In addition, to better understand the role of Gef1p we examined how single site mutations in the S cen site change the morphology of the colony, oxygen consumption and organelle distribution of the yeast. Finally, ultrastructural analysis revealed that the pet mutant has an altered organelle organization, developing multiple plasma membrane foldings and forming a highly arranged intracellular membrane-protein complex.
Materials and methods

Yeast strains and media
The yeast strains (MATa), 112; 15 ) and RGY-192 (gef1::his3-11; ura3-1; leu 2-3, 112; trp1-1) were donated by R. Gaxiola from the University of Connecticut (Gaxiola et al., 1998 (Gaxiola et al., , 1999 . Standard yeast media and genetic manipulations were as described by Ausubel et al. (1997) . To induce the pet phenotype, yeast was grown for 3-5 days at 30 1C in YPGE or YNB agar supplemented with 3% glycerol, 1 mM Ferrozine and 20 mg mL À1 each of His, Ade and Trp. Expression was induced with 0.5 mM CuSO 4 (pYEX-BX, Clontech) or Fig. 1 . Sequence alignment and topology of ClCs. Residues forming the selectivity filter in EcClC are in bold letters. Alignment of residues of the D, N and R helices are indicated. The F helix is not included as it does not form part of the S cen site. S109 from EcClC corresponds to S186 in Gef1p, I109-I188, Y459-F348, I356-I467, F357-F468, and Y445-A558. GenBank accession numbers are as follows: hClC-1 (Z25884), hClC-2 (NM_004366), hClC-3 (NM_001829), hClC-Ka (NM_001042704), hClC-Kb (NM_000085), hClC-4 (NM_001830), hClC-6 (NM_001286), hClC-7 (NM_001287), GEF1 (Z23117), EcClC (NP_752140).
2% galactose (pYES2.1/V5-His-Topo, Invitrogen). The effect on the yeast of the Cl À channel blocker NPPB was observed 3-5 days after adding serial dilutions (10
À3
-10 À7 M) of the compound on YPGE agar. The gene fusions GEF1-GFP and GEF1His were derived from the plasmids pYEX-BX (Clontech) and pYES2.1/V5His-Topo (Stratagene), respectively, and transformed in RGY-192 using the lithium acetate method as described by Ausubel et al. (1993) .
Molecular biology
GEF1 was obtained by PCR-cloning using two specific primers (Prima: 5 0 ATGCCAACAACTTATGTGCCAATAAA TCAACCA3 0 and GefBam 0 : 5 0 GGATCCTATAACCTTACCA TTTCGATTAGT3 0 ) and cloned in pGEM-T Easy (Promega); the gene was fully sequenced to corroborate its identity. Then, several steps of site-directed mutagenesis introduced restriction sites that allowed us to: (1) shuttle GEF1 in the yeast expression vector pYEX-BX (Clontech), (2) introduce GEF1 in the expression plasmid pcDNA3 (Invitrogen), and thus drive the transcription from the strong CMV promoter-enhancer in mammalian cells and X. laevis oocytes, (3) fuse GFP towards the C-terminus of GEF1 in pEGFP-N2 (Clontech) and (4) remove the translation stop codon and add a 6His tag to the C-terminus after cloning in pYES2.1/ V5-His-Topo (Invitrogen). Single site substitutions in GEF1 (S186A, I188N, Y459D, Y459F, Y459V, I356A, I356N, F468A, F468N, A558F, A558Y) were introduced, using the Quick Change Kit from Invitrogen. The sequence of all mutants was confirmed on both strands using an automated DNA sequencing apparatus (ABI prism 310 Genetic Analyzer, Applied Biosystems). Expression of GEF1 was assessed by means of reverse transcriptase-PCR (RT-PCR) from RNA isolated from colonies growing on selective media.
Electrophysiology
Xenopus oocytes
Isolation of oocytes and recordings were as described previously by Miledi (1982) . Briefly, ovaries from X. laevis were dissected and follicles isolated manually. To remove the enveloping cells, the follicles were treated with 0.5 mg mL À1 collagenase type 1 (Sigma) for 1 h and then maintained at 16 1C in Barth's medium containing gentamicin (0.1 mg mL
À1
). One day later, 14 nL of plasmid pcDNA3-GEF1, GEF1-GFP or pEGFP-N2 was injected into the nucleus. Three days later, the two-microelectrode voltage-clamp technique was performed in normal frog Ringer (mM: NaCl, 96; KCl, 2, CaCl 2 , 2; MgCl 2 , 1; HEPES-NaOH, 5; pH 7.4) at room temperature using microelectrodes filled with 3 M KCl. NPPB (10 À7 -10 À3 M) was perfused onto the oocytes, while holding the membrane potential at À 60 mV. For induction of voltage activated currents, the membrane potential was stepped from À 60 to 140 mV and then to -120 mV in 20 = mV steps. HEK-293 cells (American Tissue Culture Collection, CRL1573) were cultured as described previously (Halliwell et al., 1999) , and maintained in a growth medium that consisted of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 2 mm L-glutamine and 100 U mL À1 penicillin/streptomycin. HEK-293 cells were seeded into 35-mm cultures dishes coated with Poly-D-lysine at a density of 10 000 cells dish À1 , 1 day before transfection. To transfect HEK-293 cells with the GEF1 construct, the transfection reagent Fugene-6 was used according to the manufacturer's instructions (Roche Diagnostics Corporation). In brief, 3 mL of Fugene reagent was added to 97 mL serum-free DMEM medium. The resulting mixture was added to 1 mg of the plasmid, allowed to stand at ambient room temperature for 15 min, and then added to the cells. Electrophysiological recordings were made 24-36 h after transfection.
Currents were recorded from HEK-293 cells at ambient room temperature (20-23 1C) using the whole-cell configuration of the patch-clamp technique. Patch electrodes were made from borosilicate glass pipettes and fire polished just before use. HEK-293 cells were voltage-clamped at À 60 mV using an Axopatch 200B amplifier and headstage (Axon Instruments) and low pass filtered at 10 kHz before digitization and storage on a PC running WINWCP software (University of Strathclyde, UK). HEK-293 cells were perfused with an extracellular solution composed of (in mM): NaCl, 140; KCl, 5; MgCl 2 , 1; CaCl 2 , 2; HEPES, 10; D-Glucose, 10; pH 7.4; this solution was supplemented with tetrodotoxin (200 nM), tetra-ethyl-ammonium chloride (5 mM), 4-aminopyridine (2 mM) and CoCl 2 , (2 mM) to block any possible voltage-activated currents from endogenous sodium, potassium or calcium channels. For the study of the effects of low extra-cellular Cl À , NaCl was replaced isotonically with NaNO 3 . The patch pipette resistances ranged from 2 to 5 MO, and the patch pipette solution contained (in mM): CsCl or K-gluconate, 142; MgCl 2 , 2; CaCl 2 , 1; EGTA, 11; HEPES, 10; Mg-ATP, 2; pH 7.4. NPPB (Fisher Scientific), or NFA was applied to HEK cells using a Y-tube (fabricated in-house). Fresh bath solution was also perfused (at 2 mL min À1 ) using a gravity-feed system (manufactured inhouse) to ensure there was no build-up of drug solutions in the culture dish. Baseline holding currents were recorded in the absence and presence of NPPB (30 mM) or NFA (100 mM). Holding membrane current-voltage (I-V) relationships were also determined between À 140 and 40 mV (over 400 ms) in the absence and presence of NPPB or NFA. Drug-induced changes in membrane current were measured at their peak and these responses are plotted and displayed using GRAPHPAD PRISM s (version 4).
SPQ labeling and fluorometry
The cells were grown for 3-5 days at 30 1C in YPGE, arrested in M phase with 5 mM nocodazole and harvested by centrifugation for 5 min at 1000 g at 4 1C. Cells were diluted to 1 Â 10 6 cells mL À1 in YPGE and loaded by immersion for 5 min in 300 mM of SPQ, a Cl À sensitive fluorophore (Biwersi et al., 1994; Accardi & Miller, 2004) . Cells were washed five times in YPGE media (minus SPQ) immediately prior to fluorometry. Fluorescence was measured after 15, 30, 60, 90 and 120 min using a VersaFluor Fluorometer (BioRad) with excitation and emission at 317 and 445 nm, respectively. Data were normalized by comparison with yeast grown in YPGE minus SPQ and plotted using ORIGIN 6.0 software.
Microscopy
Some oocytes and transfected HEK-293 cells expressing GEF1-GFP or pEGFP-N2 were observed under a laser confocal microscope (Nikon Model E-600) with an excitation of 488 nm and emission of 507 nm. Images were processed with software SIMPLE PSI version 4.0.6 (Compyx Inc.). The phenotype of yeast was observed using an Olympus BX60 light microscope. For ultrastructural analysis, cells were collected from the agar plates and washed twice in 0.02 M S-collidine pH 7.2 and blocks from agar plates were made of 0.5-1 mm 3 in 2% agar at 40-60 1C, then washed twice in solution (0.2 M sucrose, 0.001 M CaCl 2 in S-collidine) and fixed by immersion in 3% glutaraldehyde in 0.1 M cacodylic acid buffer, pH 7.4 at 4 1C for 30 min. The blocks were dehydrated with two changes of 30%, 40%, 50%, and 70% aqueous ethanol for 15 min each. Infiltration was carried out in LR White Resin (Polysciences), for at least 2 days. For inclusion, tissue blocks were transferred to BEEM capsules filled with undiluted resin and no catalyst, at 60 1C for 24 h. Semi-thin sections, obtained in an MTX ultra microtome with glass knives, were stained with toluidine blue to evaluate preservation and to select the area to be examined under the microscope. Thin sections of 70 nm obtained with a diamond knife were picked up on 300 mesh formvar-coated nickel grids.
For the immunocytochemistry assay, grids were floated in a humid chamber over a drop of 0.5 M phosphate buffer (PBS) for 30 min, and then floated in 1% bovine serum albumin (BSA) in PBS containing 0.1% Tween 20. After each incubation, grids were washed twice with PBS-BSA without detergent. Grids were incubated overnight at 4 1C in the humid chamber, floating over two drops of primary antibody at 1 : 100 dilution. After extensive washing with PBS-BSA buffer, they were incubated for 1 h in the humid chamber at 37 1C with goat anti-rabbit Ab 1 : 250, labeled with 15 nm gold particles. Thereafter sections were contrasted with lead citrate and uranyl acetate as described by Hayat (1981) and observed in a JEOL 1010 electron microscope at 80 kV with a high contrast pole piece at the magnification indicated.
O 2 consumption
The cells were grown for 3-5 days at 30 1C in supplemented YNB media and arrested in M phase by adding 5 mM nocodazole, then collected by centrifugation for 5 min at 1000 g at 4 1C, and resuspended in 1/50th the original volume in supplemented YNB media previously set at 30 1C. Cells were diluted to 1 Â 10 6 cells mL À1 and the O 2 consumption rate recorded with a Clark-type oxygen electrode in 3 mL of supplemented YNB medium as reported by Hernandez-Munoz et al. (1992) .
Staining of mitochondria and organelles
Yeast in M phase were stained with MitoTraker Red CmxRos or brefeldine (Molecular Probes) according to the manufacturer's instructions, observed under a laser confocal microscope (Nikon Model E-600) excitation 579 nm and emission 599 nm. Images were processed with software SIMPLE PSI version 4.0.6.
Results
Electrophysiology
Injection of GFP or GEF1-GFP into oocytes induced the expression of fluorescent proteins that were clearly observed by laser confocal microscopy. Whereas the fluorescence emitted by soluble GFP was observed throughout the oocyte, GEF1-GFP was located mainly at or beneath the plasma membrane of the animal hemisphere ( Fig. 2a and b) . Furthermore, the resting membrane potential of oocytes injected with GEF1-GFP or GEF1 was usually ca. À 20 mV, contrasting with noninjected oocytes whose resting potential ranged from À 35 to À 60 mV. Voltage stepping the oocytes from À 60 to 140 mV and then to À 120 mV did not elicit currents derived from the expressed protein and the currents were not significantly different from those noninjected or of GFP-expressing oocytes (Fig. 2c , n = 10). A different situation was observed when oocytes expressing GEF1 or GEF1-GFP were exposed to NPPB. As illustrated in Fig. 2d , 0.1 mM NPPB elicited an outward current accompanied by a decrease in membrane conductance (n = 8), presumably due to the blocking of a Cl channel expressed by GEF1. Similar results were observed when expressing GEF1-GFP; however, the effect of the drug lasted several minutes after the wash-out (not shown), suggesting that the GFPtagged protein has different channel kinetics or a higher affinity for the NPPB.
The expression of GEF1 in X. laevis oocytes gave us the first hint of the presence of GEF1 in the plasma membrane, but this cell possesses several types of Cl À channels that may mask the expression of the yeast channel (Parker & Miledi, 1988; Weber, 1999) . Therefore, we proceeded to express GEF1 in HEK-293 cells, a cell line that primarily expresses voltage-activated K 1 conductances (Avila et al., 2004) . Images of GFP and GEF-GFP transfected cells are shown in Fig. 2e and f. The homogeneous distribution of fluorescence emitted by soluble GFP contrasts with that derived from the fusion GEF1-GFP, which is mainly concentrated in intracellular compartments, with some fluorescence reaching the plasma membrane.
In cells voltage-clamped at À 40 mV, using a K-gluconate-based electrode solution, the Cl À channel blocker, NPPB (30 mM) reduced the holding current in HEK-293 cells transfected with GEF1 from 136 AE 50 pA (n = 5) to 79 p AE 26 pA. This effect was largely absent when Cl À was reduced by replacing NaCl with NaNO 3 [control holding current = 178 AE 11 pA, in NPPB (30 mM) = 172 AE 14 pA, n = 5]. In contrast, NPPB (30 mM) had no effect on the holding current in nontransfected cells (data not shown). In cells voltage-clamped at À 60 mV, using a CsCl-based electrode solution, the whole cell membrane current-voltage (I-V) relationship ( À 140 to 40 mV) was also determined in the absence and presence of NPPB (30 mM) and NFA (100 mM) (Fig. 2g) . The control I-V relationship was linear with a reversal potential of À 9 AE 16 mV (n = 3); NPPB (30 mM) and NFA (100 mM) reduced the currents at all holding potentials by c. 80% and 90%, respectively, in GEF1 transfected cells (n = 3, Fig. 2h ). In contrast, these chloride channel blockers had no effects on the membrane I-V in nontransfected HEK-293 cells (data not shown).
Effect of Cl À channel blockers on yeast
It is well known that the plasma membrane of S. cerevisiae is virtually impermeable to Cl À (Conway & Downey, 1950) .
However, the Cl À conductance derived from the expression of GEF1 in oocytes and HEK-293 cells led us to examine whether NPPB and other Cl À channel blockers could have an effect on the yeast. This would give indirect evidence for the presence of Gef1p in the plasma membrane. Serial dilutions of NPPB were dissolved in YPGE agar where a WT strain (RGY-30) was propagated. Plates supplemented with 10 À3 M NPPB induced the formation of pet-like colonies 3-5 days after plating (Fig. 3a , n = 4), a phenotype similar to that developed by the GEF1 knock-out strain (Fig. 3a) . The pet-like phenotype was not observed in yeast grown in the presence of lower NPPB concentrations (10 À7 -10 À4 M). Nevertheless, under the light microscope the yeast presented an aberrant morphology characterized by foldings in the plasma membrane (Fig. 3b) . 9AC, another Cl À channel blocker, generated a similar pet phenotype when the cells were exposed to 10 À3 M (not shown). It is important to note that anion-channel blockers are not highly specific and the effect on the yeast could be the consequence of their impact on multiple molecular targets (Breuer & Skorecki, 1989; Keeling et al., 1991; Giles et al., 2003) . We then proceeded to examine whether yeast sequesters Cl À . This was done by comparing the quenching-rate of the anion fluorescent-indicator SPQ in GEF1 knock-out and WT strains as well as in strains exposed to NPPB. Figure 3c shows a sample of SPQ-loaded cells observed under the fluorescence microscope. The fluorescence emitted by the WT cells diminished rapidly within the first 15 min and fell to 22% after 120 min, this fast quenching contrasted with the fluorescence of the knock-out strain that dropped only to 60% in the same period of time (n = 3), suggesting that the Cl À transport is severely impaired (Fig. 3d) . Following the same procedure, we examined whether NPPB had an effect on the quenching rate of SPQ. Figure 3e shows that wild-type cells exposed to the Cl À channel blocker reduced the SPQ fluorescence to a level comparable to that of a knock-out strain; in addition, NPPB apparently did not have further effects on the mutant strain (n = 3). These results suggest that yeast transport Cl À from the extracellular medium and the flow is in part facilitated by Gef1p which is blocked by NPPB.
Immunogold and electron microscopy
We examined the expression of Gef1p in the plasma membrane of the yeast by immunolabeling both His-and GFP-tagged versions of GEF1 and locating the protein under the electron microscope. After expressing independently the tagged channel-proteins in the knock-out strain (RGY-192), electron microscopy revealed that Gef1p was located in several intracellular compartments (Fig. 4) , confirming its presence in vacuole, endoplasmic reticulum and other vesicles that probably correspond to the Golgi; no label was detected in nontransformed yeast. In addition, we found a positive immuno-signal in several spots along the plasma membrane, suggesting that the protein is capable of reaching this cell region, too (n = 3). Distribution of the gold particles was independent of the tag attached to the protein.
Mutational analysis of the ion-channel
Eleven amino acid substitutions were generated in three of the four a-helices that form the S cen site along the ionchannel (Fig. 1) . Plasmids carrying the mutations were introduced in a WT strain to assess the possibility of a dominant-negative effect as well as in a strain whose GEF1 gene was deleted and thus formed pet colonies. None of the mutants expressed in the WT strain generated pet colonies (three independent transformations). On the Values are the mean AE SE of three independent experiments (one-way ANOVA, P o 0.02, medium AE SE). Bar in inset (c) = 7.0 mm.
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c other hand, the substitutions S186A, I188N, Y459D, Y459F, Y459V, I467A, I467N and F468N did not rescue the pet phenotype, whereas F468A, A558F and A558Y formed colonies normal in appearance (Fig. 5a ). RT-PCR was performed from RNA isolated from each yeast colony to ensure that GEF1 was properly transcribed (Fig. 5b) . Individual samples from each colony were observed under the light microscope to determine whether the cells were actually smaller in diameter and that the smaller colonies were not caused by cell death (not shown). À6 cells min À1 . GEF1 À strains have reduced respiration rate in contrast to WT and reverted strains. There is no significant difference among F468A, A558F, A558Y and WT (One-way ANOVA P o 0.05). Ã Significant differences with the WT; these correspond to all the pet strains.
We then proceeded to examine whether the respiration rate of the yeast was altered after introduction of each amino acid substitution. When compared the WT and GEF1 À strains, the mutant exhibited c. 40% less O 2 consumption (2.62 se AE 0.21 and 1.12 se AE 0.11, Nat and O 2 , respectively; Fig. 5c ). All the single site mutants that showed a pet phenotype had considerably reduced respiration; although they did not behave exactly as the GEF1 À strain, the differences were not statistically significant (ANOVA one-way P = 0.02).
Mutants that fully reverted the colony phenotype (F468A, A558F and A558Y) had normal oxygen consumption. A peculiar situation emerged when the substitutions in F468 were analyzed: whereas F468A reverted the pet phenotype, F468N did not. Thus, we proceeded to further characterize the cells carrying these mutations. Figure 6a compares the morphology of the mitochondria of F468A and F468N with GEF1 À and WT strains. The mitochondria of the pet cells were segmented as revealed by the punctated distribution of the MitoTracker fluorescent label, a common sign of low respiratory activity. In contrast, the WT and reverted colonies showed the typical mitochondrial tubular network. Labeling the yeast with fluorescent brefeldine showed that the pet mutants have strikingly disorganized organelles (Fig. 6b ). Taking these observations into consideration, we then proceeded to detail the ultrastructure of the yeast pet mutant.
The impaired growth of GEF1 À and F468N was evidenced by the reduced cell size; in addition, these cells presented multiple plasma membrane foldings, disorganized organelles, reduction in the size of the vacuole, which appears to be fragmented, shrinking of nucleus and disrupted mitochondria (Fig. 6c) . In contrast, the WT and reverted yeast showed a normal appearance, even though they were grown in low-iron medium. A detailed inspection of the GEF1 À strain revealed the presence of internal membrane complexes, forming cylindrical structures associated with highly-organized electrodense particles, most probably corresponding to proteins lined up along an internal membrane. Figure 7 shows an example of these structures in a cell in division. They were regularly observed in several independent preparations but they were not detected in WT or reverted strains. Interestingly, we did not observe these structures in the pet strain expressing the single site mutant (F468N).
Discussion
The experiments shown in this paper present evidence for the expression of Gef1p in intracellular compartments as well as in the plasma membrane and further support the association of this protein with a Cl À conductance. In addition, we analyzed the impact on the yeast phenotype of single-site mutations along the ion-pathway of the protein.
Injection of plasmids carrying GEF1 into oocytes led to low resting membrane potentials and input resistances, due to spontaneous opening of a chloride channel. In a similar fashion, injection of mRNA from the Torpedo electric organ leads to low resting membrane potentials (Sumikawa et al., 1984) due to the expression of ClC-0 (Jentsch et al., 1990 ) a protein of the same family as Gef1p. Expression in oocytes suggested that GEF1 was inducing, or forming, an active channel in the plasma membrane. However, the activation mechanism of the channel still remains to be identified. Interestingly, addition of Cl À channel blockers to the bathing solution of GEF1-injected oocytes decreased the membrane conductance, probably by shutting the channel. This effect was also found in oocytes expressing GEF1-GFP but was not observed in many oocytes that were either noninjected or were injected with water. Additional evidence of the Cl À channel nature of GEF1
was obtained in HEK-293 cells. As in the oocyte, these cells acquired a permanently open channel that was shut by the Cl À channel blockers NPPB and NFA, and which was reduced by lowering the external Cl À concentration.
Changes in membrane potential did not activate any obvious current. The linear I-V relationship of the Gef1p channel suggests that conductance is not voltage dependent. Furthermore, the effects of NPPB and NFA at Gef1p did not appear to be voltage-dependent. The reversal potential of Gef1p (ca. À 9 mV) was slightly more negative than the predicted reversal potential for Cl À (À 2 mV), suggesting that Gef1p may also conduct other ions as suggested for other ClC proteins (Accardi, 2004; Accardi et al., 2005; Picollo & Pusch, 2005; Scheel et al., 2005) ; further experiments are required to determine the channel properties in detail. The resting membrane currents recorded from nontransfected HEK-293 cells were not altered by NPPB or NFA, suggesting GEF1 is required for chloride channel expression. It is believed that the plasma membrane of the yeast is highly impermeable to Cl À (Conway & Downey, 1950) .
However, we show here three strong lines of evidence for the flow of this anion across the plasma membrane. First, the flow of Cl À towards the intracellular compartments of the yeast was monitored by the emission of fluorescence by SPQ. The quenching was time-dependent and the emission of fluorescence was strikingly reduced in the strain that does not express GEF1. The use of a second indicator, MQAE, led to similar results (not shown). We can conclude that GEF1 is at least partially responsible for the transport of Cl À in the yeast and, considering the remaining flow of Cl À in the knock-out strain, we suggest the potential presence of other mechanism(s) of transport, such as that of the gene homologous to the Na 1 /K 1 /2Cl À transporter (YBR235w protein) (Coury et al., 1999) . Second, although the Cl À channel blockers bind to many protein-channels and ion transporters of several gene families (Hartzell et al., 2005) they have nevertheless provided an experimental tool that has allowed the characterization of several ClCs. After observing the effect of NPPB on oocytes and HEK-293 cells expressing Gef1p, we resolved to determine whether this compound had a direct effect in the yeast. We predicted that cells growing in the presence of this drug should resemble those strains that do not express Gef1p. Accordingly, colonies exposed to 1 mM NPPB as well as 9AC (not shown) developed a pet-like phenotype, and under the light microscope the cells were severely damaged, especially in the plasma membrane which presented numerous foldings. However, exposure of the GEF1 knock-out strain to the drugs did not induce further changes in appearance. We conclude from these experiments that blocking the Cl À transport diminishes the cell size, inducing many of the characteristics of the pet strains, yet the cells continue dividing and exposure to the channel blockers is not lethal. Third, tagging GEF1 at the C-terminus with either 6HIS or GFP produced a channel-protein capable of reverting the pet phenotype. In addition, we showed that the GFP-tagged GEF1 transports Cl À when expressed in the oocytes and HEK-293 cells. These two modified versions of the channel were used to localize it in the yeast by means of immunogold and electron microscopy. Most of the label was found in intracellular vesicles, including the vacuole (Davis-Kaplan et al., 1998). Resolution of the Golgi compartment was not clearly evidenced in our preparations; nevertheless, some vesicles labeled with gold may indicate the presence of the protein in this compartment, as suggested by Schwappach et al. (1998) . This observation is also consistent with the assumption that the secretory pathway requires Gef1p to provide the Cl À necessary to load copper to the oxidase Fet3p, an enzyme involved in high affinity iron uptake (Davis-Kaplan et al., 1995) . Detailed electron microscopy images revealed that Gef1p reaches the plasma membrane and is also located in the endoplasmic reticulum, as suggested by others (Wachter & Schwappach, 2005) . Although the presence of Gef1p in multiple organelles may suggest and effect induced higher expression of the protein, other evidence suggests that related ion channels (ClC-4 and ClC-5) considered intracellular, in normal conditions also reach the plasma membrane, where they are capable of transporting Cl À (Huang et al., 2005; Schmieder et al., 2007) .
Suppressing the expression of GEF1 in yeast leads to a nonclassic pet-phenotype as the cells continue consuming O 2 , albeit inefficiently. When compared to the WT strains the knock-out showed a reduced rate of Cl À transport between the extracellular medium and the cell. We can assume that this drop in the Cl À transport is due to the absence of Gef1p, which either transports the anion or affects other mechanisms of transport. At this point we do not know whether Gef1p is activated by changes in the membrane potential or any other stimulus, such as changes in pH (Jordt & Jentsch, 1997) . More experiments are needed to decipher the mechanisms of channel gating as well as the role of the Cl À introduced to the cell by Gef1p.
The impact of the amino acid substitutions in Gef1p was assessed by observing the ability of single site mutants to revert the GEF1 À pet phenotype, O 2 consumption and cellular ultrastructure. Substitutions that did not rescue the phenotype (S186A, I188N, I467A, I467N and F468N) did not have a dominant-negative effect on the WT yeast, suggesting that the Cl À transport provided by the normal gene suffice to maintain the O 2 consumption and consequently the proper iron-metabolism. In contrast, none of these single site mutants gave rise to normal colonies and the respiratory rate was impaired when expressed in the GEF1 knock-out strain. These observations agree with the essential role of these residues to coordinate Cl À ions along the channel (Dutzler et al., 2002) . Substitutions in Y459, a residue in the neighboring Cl À binding site (S cen ), were not tolerated. The mutation Y459F introduced the residue that occupies this position in ecClC (F348); in addition, F is present in two mammalian ClCs that effectively rescue the pet phenotype (omClC-3 and 5. cf 1; Borsani et al., 1995; Miyazaki et al., 1999) . Similar to GEF1, other mammalian ClCs possess a Y, whereas others, such as ClC-1 and -2, have a T. According to the structural model of ecClC, F348 apparently does not coordinate ions passing through the pore. Thus, perturbations in the environment forming this Cl À binding site dramatically altered the ability of the protein to restore the physiology of the yeast. The Y residue in the well-conserved motif L/I Y D/S at the N-end of the R-helix is occupied by an A in Gef1p (cf 1). We observed that the substitutions A558Y and A558F formed normal colonies and yeast consumed O 2 at a regular rate. The Y residue coordinates Cl À in the S cen site, and when substituted for A in the mammalian ClC-1, the channels are functional, suggesting the possibility that this residue does not exert a strong influence in the open conformation of the channel (Estevez et al., 2003) . Evaluation of the two substitutions in the residue F468 of the N-helix (F468N and F468A) suggests the importance of the hydrophobic environment to preserve the function of the protein. Mutations in the homologous residue in ClC-1 (F484A) drastically reduce the conductance of the channel (Estevez et al., 2003) , consistent with our observations. On the other hand, F468N did not rescue the pet phenotype or restore respiration; in addition, X. laevis oocytes injected with this construct did not induce the expression of a Cl À current (not shown), suggesting the impact of the mutation in the coordination of the ion. These two single site mutations were further contrasted to assess other phenotypic changes.
We observed the organelle organization, mitochondrial respiratory rate and colony morphology. These characteristics were apparently similar between F468N and the GEF1 Detailed analysis of the ultrastructure of the F468N mutants and GEF1
À revealed the presence of plasma membrane foldings, disaggregation of the organelles and rudimentary mitochondria. Respiratory-deficient yeast typically decreases the number of cytochromes and exhibit poorly differentiated mitochondria (for example, Torkko et al., 2001) , this effect was constantly observed in the knock-out and F468N. The plasma membrane foldings resemble those observed in strains carrying deletions of the synaptojaninlike genes SJL1-3; however, such mutants do not develop the pet phenotype (Srinivasan et al., 1997) .
The peculiar membrane-protein structures observed under the electron microscope in the GEF1 À strain are intriguing. They were observed only in the knock-out mutants and not in WT, reverted (F468A) or nonreverted (F468N), suggesting that they are probably generated only in the total absence of Gef1p. Other nonreverted mutants could confirm this assumption. Further ultrastructural studies of other pet strains could provide more evidence of the nature and origin of these structures.
